Two experiments were carried out to examine the short (1-3 d) and medium (14 d) term adaptations of rat large-bowel (LB) fermentation to alterations in substrate supply brought about by including cooked haricot beans (Phuseolus vulgaris) in diets based on white bread. Changes in organic matter (OM) flow from the ileum occurred within 1 d and were stable for 14 d but the pattern of caecal short-chain fatty acids took much longer to stabilize with considerable increases in butyrate between 1 and 3 d and up to 14 d. This suggests that the metabolic activity of the LB microflora may take a considerable time to stabilize after an abrupt change in substrate supply. Despite an almost fourfold change in OM supply to the LB, the proportion of this OM apparently fermented in that organ (0.46) remained fairly constant.
Fermentation of carbohydrates and other organic materials is now known to be a major function of the large bowel (LB) in man and other omnivorous animals. The substrates for fermentation supplied via digesta entering the LB from the terminal ileum can be readily modified by diet. In man the major fermentation substrates appear to be starches resistant to pancreatic a-amylase (EC 3.2.1.1) and non-starch polysaccharides (NSP ; , so that foods rich in these carbohydrate fractions are likely to have significant effects on LB fermentation and subsequent metabolic events in the gut mucosa, liver and other tissues. Cooked haricot beans (Phaseolus vulgaris) were used in the present study since, in common with other leguminous seeds, they contain a relatively high proportion of resistant starch (RS; Englyst & Kingman, 1990) , are a concentrated source of NSP (Englyst & Cummings, 1984) and are a frequent component of Western diets. Studies of LB fermentation in man are severely hampered by the relative inaccessibility of the target organ and experimental animals, usually rats, have been used as a model. Despite major anatomical differences, there is some evidence that the extent of fermentation may be fairly similar (Nyman et al. 1986; Mathers, 1991) for these two species.
Short-chain (or volatile) fatty acids (SCFA) are the main end-products of carbohydrate fermentation in the LB and there is growing evidence that each of these acids may have specific effects on tissue metabolism (Roediger, 1982; Sakata, 1987; Venter & Vorster, 1989) . Consequently it is important to know not only the total amount of substrate * For reprints.
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fermented but the pattern of SCFA produced. Several studies in rats (e.g. Cheng et al. 1987; Tulung et al. 1987; Mallet et al. 1988; Walter et al. 1988; Goodlad & Mathers, 1990; Mathers et al. 1990 ) and more limited findings in man (Scheppach et al. 1988) have shown that LB fermentation pattern is readily modified by additional supplies of RS and NSP but as yet there is no means of predicting fermentation pattern. In addition it is not known how rapidly LB fermentation in vivo responds to alterations in diet. When wheat bran or gum arabic was added to a semi-purified (Walter et al. 1986) or an elemental diet (Walter et al. 1988) , rat caecal fermentation pattern continued to change over the 12 weeks of the studies (measurements made at 4,8 and 12 weeks). Changes over a shorter time-scale may be more relevant to man where the composition of the diet often varies from day to day. In the present study, two experiments were carried out. In the first, rats were fed on a basal, low-NSP diet containing 500 g freeze-dried white bread/kg and then half of the animals were changed to a diet supplemented with 450g freeze-dried, cooked haricot beans/kg. Measurements of caecal fermentation pattern and other variables were made at 1, 2 and 3 d after diet change. In the second experiment, diets containing graded concentrations of beans (0-450 g/kg diet) were fed for 14 d to determine longer term effects of ingestion of large amounts of complex carbohydrates on caecal fermentation and to provide quantitative estimates of the extent of fermentation of these polymers.
MATERIALS A N D METHODS
Animals and housing
Fifty male Wistar rats were obtained from the Comparative Biology Centre, University of Newcastle upon Tyne and housed in individual plastic metabolism cages in a controlledenvironment room in this Centre throughout the study.
Experimental protocol
Two studies were carried out concurrently using the same diets and rats from the same batch. The first study (adaptation experiment) examined changes when rats initially fed on a low-NSP, white-bread-based diet (WHl) were transferred to one containing 450 g cooked haricot beans/kg (WH4). The second study (balance experiment) was of a conventional design and compared complex carbohydrate digestion and LB fermentation in animals given each of the four experimental diets. Temporal organization of the animal experiments is illustrated diagrammatically in Fig. 1 . Initially all fifty rats were offered diet WHl . After 10 d the rats were divided at random into two groups, thirty for the adaptation experiment and the remaining twenty for the balance experiment. For the adaptation experiment, fifteen rats continued on diet WH1 whilst the other fifteen were changed immediately to diet WH4. Five rats from each diet group were killed on days 1, 2 and 3 after introduction to the new diet. For the balance experiment the twenty rats were split into four groups, each of five rats, with one group continuing on diet WH1 and the others allocated to each of the remaining three experimental diets containing graded concentrations of cooked haricot beans. After 7 d adaptation there followed a 7 d balance period with measurement of fdod intake and complete collection of faeces and urine.
Diets and feeding
Four experimental diets were prepared (Table l) , each containing 500 g freeze-dried white bread (Robertsons Bakers, Carlisle, Cumbria)/kg and 0-450 g cooked and freeze-dried haricot beans/kg included in place of sucrose and casein to maintain similar crude-protein concentrations based on values in Paul & Southgate (1978) . All diets were supplemented with vitamins and minerals and maize oil to provide essential fatty acids and contained Time line for the present study showing how the fifty rats initially fed on diet WHl for 10 d were then allocated to the adaptation experiment (thirty rats) and the balance experiment (twenty rats). The arrows represent times when five rats/diet were slaughtered. The hatched box indicates the balance period when food intake was measured and complete collections of urine and faeces were made. Diets WHI, WH2, WH3 and WH4 contained 0, 150, 300 and 450 g freeze-dried, cooked haricot beans (Phaseolus vuZgaris)/kg diet (for further details, see Table 1 ).
D I G E S T I V E A D A P T A T I O N S T O H A R I C O T B E
2 g Cr,O,/kg as an indigestible flow marker. Animals were offered 15 g air-dry food at 10.00 hours daily with uneaten food removed the following morning. Water was available ad fib. Measurements Each rat was injected intraperitoneally with the metaphase arrest agent vincristine sulphate at 1 mg/kg body weight (05 mg vincristine sulphate/ml sterile saline (9 g NaCl/l)) for measurements of crypt-cell proliferation which will be reported separately, and 2 h later was anaesthetized by intraperitoneal injection of Hypnorm/Midazolam (1 ml/ 300 g body weight, prepared by the Comparative Biology Centre, University of Newcastle upon Tyne).
Blood, digesta and tissue samples were collected as described by Goodlad & Mathers (1990) . In addition, the masses of stomach and stomach tissue and of colon and colonic tissue were measured. Samples of gut tissue were also removed for histological examination, the results of which will be reported separately.
Analytical methods
The method of Englyst & Cummings (1984) was used for measuring NSP and its constituents and apparent RS was determined by omitting the dimethyl sulphoxide addition step. This form of RS is probably mainly retrograded amylose (RS,; Englyst et af. 1992) . N in diets, faeces and urine was determined by a Kjeldahl procedure, Cr,O, and SCFA in caecal digesta as described by Mathers et al. (1990) , organic matter (OM) by heating at 500" for 16 h, and 3-hydroxybutyrate (30HB) in deproteinized blood enzymically (Lloyd et al. 1978) . Concentrations of SCFA in blood from the portal vein and heart were determined as described by Goodlad & Mathers (1990) .
Statistical methods Adaptation experiment. Two-factor ANOVA was used to examine the effects of diet (WH1 v. WH4), of time of exposure to the diet (d) and of the interaction between diet and time. In each case, the effects of time and the corresponding interaction term were split into at https://www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19950143 (1) linear and (2) deviations from linear effect of time and each tested against the betweenanimals within-treatments variation with 24 degrees of freedom. Balance experiment. Data were analysed by one-factor ANOVA with orthogonal polynomials used to describe the response to varying dietary concentration of haricot beans. The between-animals within-diets variation with 16 degrees of freedom was used as the error term. Separate estimates of apparent digestibility of polysaccharides in white bread and in beans were obtained by a multiple linear regression (MLR) procedure described by Key & Mathers (1993 a) . In the present study, two MLR models were used:
where Y is NSP output in faeces, XI and X , are intakes of NSP from white bread and beans respectively, X , has the value of 0 or 1 when beans were absent from or present in the diet respectively, a, and a, are the coefficients of indigestibility of NSP in white bread and beans respectively, and a, is the additional effect of presence of beans on white bread NSP indigestibility. Where a3 is not significant, a simpler model is appropriate : where PI and Pz are the coefficients of indigestibility for bread and beans respectively. Apparent digestibilities were calculated by subtracting the appropriate coefficients of indigestibility from unity.
RESULTS
Adaptation experiment
One day after changing abruptly from the no-beans diet (WH1) to that containing 450 g haricot beans/kg (WH4), the daily flows of DM and OM from the terminal ileum into the LB increased by 2.5 g (from a basal diet mean of 2.2 g) and 1.9 g (from a basal diet mean of 0.7 g) respectively (Table 2) . Further changes over time were not statistically significant. Digestibility of DM, measured by the marker ratio method, decreased from 0.85 to 0.68 (terminal ileum) and 0.96 to 0.86 (caecum) following the diet change.
Caecal pH fell significantly within 1 d of diet change with no further effect over the next 2 d (Table 3 ). This was associated with an increase of approximately 27 mmol SCFA/kg caecal contents which was maintained. The diet change provoked no significant effect 'on the molar proportion of acetate in caecal SCFA, but butyrate increased linearly over the 3 d on diet WH4 at the expense of propionate and the minor SCFA (isobutyrate, isovalerate and valerate).
With diet WHI, acetate was the dominant SCFA detected in portal blood with concentrations approximately 10 and 30 times greater than for propionate and butyrate respectively ( Table 4) . When changed to diet WH4, rats showed rapid and sustained increases in the concentrations of all three SCFA with no detectable changes over the 3 d sampling period. Acetate, propionate and butyrate were, on average, 297,99 and 96 ymol/l higher in portal blood from animals eating diet WH4 compared with those eating WH1. As a proportion of the concentration with diet WH1, the rise in butyrate concentration with diet WH4 was most marked at almost fivefold. Acetate and propionate were the only SCFA detected reliably in blood from the heart and whilst both tended to increase with the bean-containing diet, the increases were not statistically significant. There were significant increases of 2.3-and 2.8-fold in the concentrations of 30HB in portal and heart blood respectively in WH4 compared with WHl rats and there was a significant (P < 0.05) linear fall over the 3 sampling days.
Balance experiment
The bean-containing diets had slightly lower DM concentrations (Table 1) so that there was a small but statistically significant fall in DM intake with increasing proportion of beans in the diet (Table 5) . Weight gain changed curvilinearly with diet showing a maximum for diet WH2 and a minimum for diet WH4. Because of the higher N concentration in the bean-containing diets (Table l) , N intake increased from diets WH1 to WH4 but the maximum difference was only 0.18 g N/d (Table 5) . Bean consumption resulted in much larger changes in faecal N output so that there was 4.7 times more faecal N with diet WH4 than with the no-bean diet (WH1). Approximately half of the ingested N appeared in urine with lower outputs for the middle two diets (WH2 and WH3) than for the two extremes (WHl and WH4). When data for all diets were combined there was strong linear relationship between weight gain ( X ; g/7 d) and N balance ( Y ; mg/7 d) which could be described by the equation: Y = 18-9(SD 3.34)X-t 113(SD127); r20.639(P < o*ool). The intercept was not significantly different from zero. The reduced growth rate for rats offered diet WH4 was probably due to a combination of lower DM intake, reduced diet digestibility and a lower yield of metabolizable energy from the larger amount of dietary * P < 0.05; ** P < 0.01 ; *** P < 0001.
t See Table 1 for diet details and Fig. 1 for experimental design. OM fermented in the LB (Mathers, 1991) . Since final body weight for rats fed on diet WH4 was only 5 YO less than those fed on diet WH1, it seems unlikely that this factor will have had a major influence on digestive function.
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Ileal flows of DM and OM increased strongly linearly (P < 0.001) with each increment of beans in the diet (Table 6 ). There was a corresponding but smaller increase in faecal OM Estimated by the marker ratio method.
output so that the quantity of OM disappearing between the terminal ileum and faeces was 1.73 g/d with the highest bean diet (WH4) compared with only 0.40 g/d for the basal diet (WH 1). The apparent fermentability of OM across the LB of ileal-delivered OM was similar for all diets (0.46 (SE 0013)). Apparent digestibility of DM when measured at the terminal ileum, caecum and faeces declined linearly with increasing bean intake. The fall was more marked for ileal samples than for caecal or faecal samples with the latter two sites of measurement resulting in very similar values. Caecal pH fell by 0 3 units between diets WH1 and WH4 (Table 7) but changes in total SCFA concentration were inconsistent across diets and associated with relatively large between-animals within-diets variation (CV 022). The major effect of increasing bean intake on molar proportions of individual caecal SCFA was the increase in butyrate (from 68 to 184 mmol/mol) at the expense of all the other acids but especially acetate.
Concentrations of all three SCFA in portal blood increased as bean intake increased but the linear effect was statistically significant for propionate and butyrate only ( Table 8) . Propionate concentration increased nearly twofold whilst butyrate concentration was more than five times greater in animals fed on diet WH4 compared with WH1. Acetate was the major SCFA detected in heart blood with concentrations approximately 15 times greater than for propionate. There was considerable between-animals variation and there were no statistically significant effects of diet. 30HB concentration in both portal and heart blood increased linearly with increasing intake of beans, with higher concentrations in heart than in portal blood.
Using a MLR approach, separate estimates of digestibility for NSP in white bread and beans were obtained. In addition, MLR model 1 tested for possible effects of the presence of beans in the diet on the digestibility of bread NSP. The latter was found to be statistically non-significant for total NSP and for each NSP component (Table 9 ) so that the simpler MLR model 2 (see pp. 396-397) provided an adequate description of the relationship between dietary intake and faecal output for these carbohydrates (R2 0.9M.98). Apparent digestibility of total NSP was identical (0-82) for both white bread and haricot beans. Noncellulosic polysaccharides (NCP) digestibility was much higher than that of cellulose for both foods. Digestibilities of the individual sugars making up the NSP fraction differed for t Additional effect of presence of beans on indigestibility of NSP fractions in white bread.
the two foods, with digestibility declining in the order xylose > arabinose > mannose > glucose > uronic acids > galactose for white bread and in the order arabinose > uronic acids > galactose > mannose > xylose > glucose for haricot beans.
DISCUSSION
Adaptation of large bowel fermentation This study examined short-(1-3 d) and medium-(14 d) term adaptations of LB fermentation to alterations in substrate supply brought about by including cooked haricot beans in the diet of rats. When changed from the no-beans diet (WHI) to the highest bean diet (WH4), ileal output of OM, the major source of LB substrate, increased nearly fourfold within 1 d and was little different 14d later. It is assumed that the additional OM was provided principally by bean carbohydrates including NSP, RS and oligosaccharides (0s) of the raffinose family. Acute studies in healthy human ileostomists have shown that ingested NSP is essentially unchanged during passage through the stomach and small intestine (Englyst & Cummings 1985 , 1987 . We are not aware of longer term studies which have examined NSP hydrolysis in the upper intestine of man or rats but the possibility of significant digestion at this site seems remote. Similarly it is assumed that the 0 s flow unchanged to the LB. Prediction of the amount of starch escaping digestion in the small intestine from measurements made on foods is less well established but it is now clear that a significant proportion of the starch in common human foods including breads and cooked and cooled beans is not digested before the LB (Englyst & Kingman, 1990 Possible adaptation over time in digestion of RS has been little studied but evidence presented by Faulks et al. (1989) suggests no change in the extent of whole-gut RS digestion between 8/9 and 17/18 d of feeding isolated a-amylase-resistant pea and maize starches. More recent detailed studies of sites of digestion of these same in vitro a-amylase-resistant starches in the rat suggest that feeding 'RS' sources for 14 d (adaptation) resulted in greater disappearance of starch within the small intestine than in unadapted animals (Faulks et al. 1992) . The possibility that adaptation of the small-intestinal capacity to digest certain starch fractions may occur requires further investigation. Our results are consistent with the conclusion that throughout the 14 d of the study the substrates flowing to the LB remained fairly similar for each diet.
If it is assumed that the amount and composition of substrate entering the LB stabilized quickly (perhaps within 1 d) after dietary change, then subsequent alterations in fermentation pattern are brought about by alterations in the metabolic activity of the LB microflora as they adapt to the new environment. This new environment includes not only the additional amount and types of substrate but also the reduced pH and transit time, all of which will influence the functions of individual bacterial species and interactions between species. In the present study, introduction of the high-bean diet (WH4) caused an immediate fall in caecal pH to a value identical with that after 14d, but caused more gradual changes in pattern of caecal SCFA. In particular, the rise in butyrate proportion after 3 d was only about half that achieved after 14 d feeding the new diet. It may be calculated from the data of Goodlad & Mathers (1990) that the turnover time for the caecal SCFA pool, i.e. the time taken at steady state for production of an amount of SCFA equivalent to that in the caecum, is only 1.5-3 h so this slow change in SCFA pattern is not due to dilution effects but to the time required for the microbial metabolism to approach a new equilibrium. Increases in caecal butyrate molar proportion often follow increased intakes of complex carbohydrates (Cheng et al. 1987; Tulung et al. 1987; Goodlad & Mathers, 1990; Mathers et al. 1990 ) but Mathers & Dawson (1991 have suggested that this is not simply a response to the additional substrate but may be strongly influenced by transit time. Tulung et al. (1987) reported differential changes in the relative concentrations of SCFA over a 3-week period after introduction of guar gum or gum arabic whilst Walter et al. (1986, 1988) examined changes in response to wheat bran and gum arabic at 4 , s and 12 weeks. It is possible that these longer term changes in fermentation pattern are partially confounded with changes due to age/maturity of the test animal since we have found that age can have a significant effect on rat caecal SCFA pattern . The lack of effect of dletary bean concentration on total SCFA concentration in the balance study (Table 7) despite the changes observed in the adaptation experiment (Table 3) might be due to differences in animal maturity but remain without satisfactory explanation.
The digestibility of white-bread and bean NSP fractions and their constituent components observed in the present study are similar to those reported for different batches of the same foods by Key & Mathers (1993a,b) . The observation that the apparent fermentability of OM entering the LB was unaffected by diet (Table 6 ) is in good agreement with the finding that NSP digestibility was similar for both white bread and beans and that there was no detectable RS in faeces on any diet. Therefore, in the present study the rat LB remained equally effective in fermentation over an approximately fourfold range in substrate supply from conventional human foods, so confirming earlier studies (Goodlad & Mathers, 1990 , 1991 .
Towards a quantitative description of large-bowel fermentation
Quantitative models of LB fermentation require detailed knowledge of the amount and chemical composition of substances supplied to the organ in ileal digesta and leaving as faeces. Such input-output relationships together with information on fermentation stoichiometry could be used to predict energy salvage by this gut compartment (Mathers, 1991 (Mathers, , 1992 ). An attempt has been made using data from the present study (balance experiment) to provide a partial fractionation of ileal digesta and faecal OM and to describe, quantitatively, some consequences of fermentation. The model uses the following information : The results obtained are summarized in Fig. 2 . Although increasing the proportion of beans in the diet increased the proportion of ileal OM accounted for by NSP and RS, other unidentified substances (C) provided a major part (0.30458) of the potential substrate for the LB for all diets. The latter probably included undigested food fragments such as other forms of RS (Englyst et al. 1992) , 0 s (from the haricot beans) and undigested dietary protein, together with endogenous materials . Of faecal OM, undigested NSP were a minor component (0.1 3 -0.22) for all diets whilst bacterial cells were estimated to contribute a mean of 0.44, leaving, on average, 037 in unidentified forms.
It is unlikely that the latter contains 0s since an earlier study found no 0 s in rat faeces after consumption of relatively large amounts provided in raw peas (Goodlad & Mathers, 1990) . Validity of the fractionation attempted above is dependent on the assumed value for the net yield of bacterial cells per unit OM truly fermented. The value used here was derived from in vivo studies in man (Cummings, 1984) and whilst it is similar to estimates from investigations of rumen fermentation (Mathers & Miller, 198 1 ; Agricultural Research Council, 1984) it should not be assumed that the value applies universally. A further unknown factor is the extent of addition of endogenous materials to the LB from the mucosal surface (as distinct from inflow from the terminal ileum). Mucus and sloughed epithelial cells are the most likely sources of this OM and require quantification. The possibility that greater production of butyrate may stimulate mucin synthesis (Finnie et al. 1995) adds a further complication to these calculations. 
CONCLUSIONS
The rat small intestine appears to be capable of rapid adaptation to abrupt changes in diet composition so that within 1 d of diet change the flow of undigested material from the terminal ileum is established at a new level which persists for at least 2 weeks. Increasing intakes of NSP and RS which increase substrate supply to the LB provoke a rapid and sustained decrease in caecal pH but the pattern of bacterial end-products (SCFA) changes more gradually and is not complete by 3d. This may be a consequence of changing dominance in bacterial species ) but more subtle changes in metabolic activity may be involved. Human food consumption in Western countries is frequently characterized by substantial changes in the amount and type of indigestible carbohydrates from meal to meal and day to day. It is probable that this results in marked variations in substrate supply to the colonic flora. Whilst the latter have considerable 'spare' capacity to ferment extra substrate, this will probably result in changes in SCFA patterns and may create short-term instabilities in metabolic activity. The consequences, if any, of such perturbations are unknown.
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